Sex hormones may influence longitudinal growth, either indirectly, by affecting the growth-hormone-insulin-like growth factor I (IGF-I) axis, or directly, by affecting changes within the epiphyseal growth plate (EGP). The aim of the present study was to investigate the effects of letrozole, an aromatase inhibitor, on longitudinal growth and changes in the EGP in vivo. Eighteen peripubertal male mice were divided into three groups. The first group was killed at baseline, the second was injected with letrozole (Femara) s.c., 2 mg/kg body weight/day, for 10 days, and the third was injected with the vehicle alone. Serum testosterone levels were found to be significantly higher in the treated group than in the controls. Letrozole induced a significant increase in body weight, tail length and serum growth hormone level, but had no significant effect on the level of serum IGF-I. On histomorphometric study, there was a significant increase (12%) in EGP height in the treated animals compared with controls. Immunohistochemistry showed a 3·4-fold letrozole-induced increase in the proliferation of the EGP chondrocytes, as estimated by the number of proliferation cell nuclear antigen-stained cells, and a decrease in the differentiation of the EGP chondrocytes, as estimated by type X collagen staining. Letrozole did not interfere with type II collagen levels. The study group also showed a twofold increase in the number of IGF-I receptor-positive cells compared with controls. In conclusion, the aromatase inhibitor, letrozole, appears to increase the linear growth potential of the EGP in mice.
Introduction
Puberty in humans (and sexual maturation in animals) is the period in extrauterine life which is associated with an increase in growth rate (Prader 1989) . Serum levels of the sex steroids, growth hormone (GH), and insulin-like growth factor I (IGF-I) are known to increase during puberty, but the interaction between the gonadal steroids and the GH-IGF-I axis has not been elucidated. Both experimental and clinical evidence indicates that the increased steroid secretion at puberty has an indirect effect on the skeletal tissues and that this effect is GH-dependent (Franz & Rabkin 1965) . Estrogen stimulates the release of GH from the pituitary, thereby increasing serum IGF-I levels. Testosterone also stimulates GH release in the pituitary via its local aromatization to estrogen (Parker et al. 1984) . However, the sex steroids may also exert a direct GH-independent effect on skeletal growth. This is supported by the observation that estrogen influences growth in GH-deficient and hypophysectomized rats (Jansson et al. 1983 , Gebers et al. 1995 . Furthermore, cartilage studies have demonstrated a dose-dependent stimulatory effect of dihydrotestosterone and estradiol on [
35 S] incorporation into proteoglycans synthesized by rabbit (Takahashi et al. 1984 , Corvol et al. 1987 as well as human (Takahashi et al. 1984) chondrocytes in primary cultures. Rabbit and human (Blanchard et al. 1991 , Oz et al. 2001 cartilage tissues also convert testosterone to dihydrotestosterone and, to a lesser extent, to estradiol. Thus, cartilage tissue apparently expresses both 5 reductase and aromatase activities during skeletal growth. Indeed, studies have shown that the aromatase P450 mediates the conversion of the androgens, androstenedione and testosterone, into the estrogens, estrone and 17 -estradiol. In addition, researchers have demonstrated the expression and activity of androgen-and estrogen-synthesizing enzymes in osteoblast-like cells, suggesting that local metabolism of sex steroids may contribute to bone mass accrual and bone remodeling (Saito & Yanaihara 1998) .
In mammals, longitudinal growth occurs at the growth plate. However, the role played by the locally produced estrogen and androgens within the epiphyseal growth plate (EGP) remains unclear. A direct regulatory role of androgens and estrogens has been suggested by the presence of the androgen receptor (AR) (Colvard et al. 1989 , Van der Eerden et al. 2002b ) and both estrogen receptors, ER and ER , in growth plate tissue at the mRNA and protein level in several species, including rats, rabbits and humans (Kusek et al. 1998 , Kennedy et al. 1999 , Nilsson et al. 1999 , Braidman et al. 2001 , Van der Eerden et al. 2002a ,b, Batra et al. 2003 . There are also two reported cases of impaired local estrogen activity due to an estrogen receptor deficiency (Smith et al. 1994) or an aromatase deficiency (Morishima et al. 1995) in association with delayed skeletal growth. Both men had an unfused epiphyses and osteopenia. Interestingly, however, neither had a documented pubertal growth spurt, but instead attained extraordinary stature by continuing to grow long after normal males have undergone epiphyses fusion.
The growth plate in mammals consists of three zones: resting, proliferative and hypertropic. The resting zone lies adjacent to the epiphyseal bone and infrequently contains dividing chondrocytes. The proliferative zone contains replicating chondrocytes arranged in columns parallel to the long axis of the bone. The proliferative chondrocytes located farthest from the resting zone stop replicating and enlarge to become hypertropic chondrocytes (Schenk & Hunziker 1991) . These terminally differentiated cells maintain a columnar alignment in the hypertropic zone. The simultaneous processes of chondrocyte proliferation, hypertropy and cartilage matrix secretion result in chondrogenesis. Simultaneously, the metaphyseal border of the growth plate is invaded by blood vessels and bone cell precursors that remodel the newly formed cartilage into bone (Schenk & Hunziker 1991) . The synchronized processes of chondrogenesis and cartilage ossification lead to longitudinal bone growth. At the onset of sexual maturation, the growth plate undergoes structural and functional changes. There is a gradual decline in the overall growth plate height (Masoud et al. 1986 ), proliferative zone height (Walker & Kember 1972) , hypertropic zone height (Kember & Walker 1971) , size of hypertropic chondrocytes (Kember & Walker 1971 , Hunziker & Schenk 1989 , Breur et al. 1991 , and column density (Kember 1971) .
Unlike in humans, the growth plates in mice do not fuse completely during sexual maturation (Roach et al. 2003) . However, their height diminishes considerably after sexual maturation, and the protein synthesis rate in the chondrocytes decreases. Thus, in mice, as in humans, sex steroids may play a crucial role in the regulation of cartilage growth (Vidal et al. 1999) . Oz et al. (2000) observed a sexual dimorphic response in bone using an aromatase-deficient mouse model (ArKO) created by the targeted disruption of cyp 19, the aromatase gene. Both sexes showed osteopenia in the lumbar spine and an osteoporotic phenotype. However, in males aromatase deficiency contributed to a clear suppression of bone formation, and femur length was shorter than in the wild-type littermates. These findings were supported by studies in estrogen-receptor knockout models in which male ER (ERKO) and ER-double knockout mice (DERKO), but not ER (BERKO) mice, displayed decreased longitudinal and radial skeletal growth with pronounced cortical osteopenia. It is presently unknown to what extent the conversion of androgens into estrogens is important for skeletal growth in males. Aromatase inhibition of this conversion may, at least partly, explain the effect of androgens or, alternatively, the effect of the lack of estrogen on longitudinal growth.
The aim of the present study was to investigate the effect of aromatase inhibition on tibial longitudinal growth and on the changes within the growth plate in peripubertal male mice. We initiated treatment at the expected age of prepuberty, before the onset of sexual maturation, in order to mimic physiological conditions. For the purposes of the study, we used letrozole (Femara), an active, nonsteroidal, nitrogen-containing compound which selectively inhibits cytochrome P450 aromatase by binding its heme iron. Letrozole has no estrogenic, anti-estrogenic or antiandrogenic properties at doses required to inhibit estrogen synthesis (Gershanovich et al. 1998) . It is therefore useful for the study of the cellular mechanisms in the mice growth plate and for comparison of the action of testosterone and estrogen. Recently, Wickman et al. (2001) observed a potential increase in adult height in boys with delayed puberty who were treated with letrozole, providing a rationale for the study of means to delay bone maturation in several growth disorders.
Materials and Methods
Three-week-old male Institute of Cancer Research (ICR) mice were purchased from Harlan (Jerusalem, Israel). Animal breeding complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and was authorized by the Committee for the Ethical Care and Use of Laboratory Animals of Tel Aviv University. Animals were housed in standard laboratory cages and were fed normal mouse chow which was available ad libitum; there was free access to unlimited supplies of tap water.
The mice were divided into three groups of six animals each. The first group was killed at baseline. The second group was treated for 10 days with letrozole (Femara; kindly provided by Novartis Pharma AG, Switzerland) at a dose of 2 mg/kg body weight/day in 0·3% hydroxypropylcellulose (HPC), administered subcutaneously (study group). The third group was injected with vehicle alone (0·3% HPC, 0·1 ml/mouse/day) for the same period (control group). Animals were weighed at the beginning of the study and before death, 10 days after the first injection, by inhalation of CO 2 . Thereafter, trunk blood was collected, and serum was separated and kept at 20 C for later measurements of GH, IGF-I, and testosterone levels. Two tibias from each mouse were carefully removed, measured and processed for histomorphologic assessment and immunohistochemistry studies, as described in the respective sections.
Blood hormone analysis
Serum IGF-I was measured by the functional separation method as previously described by us (Phillip et al. 2001) . Acidic extraction was used to detach IGF-I from its binding proteins; therefore, the results represent the total IGF-I level. Serum testosterone was measured with the TESTO-CT2 kit (CIS Biointernational, Gif-sur-Yvette Cedex, France). The sensitivity of the assay is approximately 0·1 nmol/l. Serum GH was measured by a modified radioimmunoassay as previously described (Phillip et al. 2001) .
Morphology
Tibias were fixed in 10% buffered formalin solution, pH 7·2, for 48 h. Bones were then decalcified in 20% Tris-EDTA buffer, pH 7·2, for 10 days, dehydrated in gradually increasing concentrations of ethanol, and embedded in paraffin blocks. Paraffin sections (5 µm) were deparaffinized in xylene, hydrated in graduated ethanols, and pretreated with 3% acetic acid for 3 min. The sections were then stained with 1% Alcian blue at pH 2·5 for 30 min, thoroughly rinsed with tap water, and counterstained with hematoxylin and eosin for morphometric studies. The length of the various cellular layers in the cartilaginous zone of the tibial growth plate was determined with an Olympus DP-Soft imaging system program using appropriate morphometry software (Olympus, Lake Success, NY, USA). The system consists of an Olympus BX41 system photomicroscope ( 10 objective) fitted with an Olympus DP 11 camera attached to a personal computer. The height of the EGP from the apical border of the reserve zone cell layer to the lower border of the mineralized cartilage was measured. The results shown are the average of 11 measurements taken from various zones of the EGP in each section, performed on two sections from each tibia, and from the two tibias in each mouse.
Immunohistochemistry
Deparaffinized sections were incubated for 25 min in 3% H 2 O 2 in methanol to inactivate endogenous peroxidases, blocked with 10% non-immune serum compatible with the second antibody, and incubated with a specific antibody for 2 h at room temperature: rabbit anti-aromatase (cat. no. 0719-1009; Biogenesis, Kingston, NH, USA), rabbit anti-IGF-I receptor (anti-IGF-IR) (anti--subunit, cat. no. SC-712; Biotechnology Inc., Santa Cruz, CA, USA), mouse anti-collagen type X (cat. no. MS-852PO; Neomarkers, Fremont, CA, USA), mouse anti-collagen type II (cat. no. MAB 8887; Chemicon International, Temecula, CA, USA), or mouse anti-proliferating cell nuclear antigen (anti-PCNA) (cat. no. 08-0110; Zymed Laboratories Inc., San Francisco, CA, USA). Positive binding was visualized with the appropriate biotinylated second antibody and streptavidin-peroxidase conjugated with aminoethyl carbazole (AEC) as a substrate (Histostatin-SP kit, Zymed Lab Inc.). Counterstaining was carried out with hematoxylin. To detect type II and type X collagen, an additional step of protein digestion was necessary. For type II, the slides were incubated with 1 mg/ml pepsin in Tris-HCl, pH 2·0, for 10 min at 37 C. For type X, 5 min microwave boiling in retrieval buffer (2 mM citric acid, 8 mM sodium citrate; pH 6·0) was required before pepsin treatment.
Negative controls were incubated with a non-immune serum of the same species in which the first antibody was raised.
Statistics
Morphometric findings were analyzed with analysis of variance (ANOVA) with repeated measures. Betweengroup differences for the other data were analyzed with Student's t-test. A P value of ,0·05 was considered significant. Values are given as means S.E.M. Table 1 shows the effect of letrozole on the growth parameters and the hormone profile. There was no significant difference in body weight among the 3 groups of animals at baseline. After 10 days of treatment with letrozole, the study mice showed a 14% increase in weight compared with controls (P,0·05). They also had a significant increase in tail length (P,0·05) and tibia length (P,0·05).
Results
During the 10-day experiment, the level of testosterone in the control group gradually rose as the mice approached sexual maturation. However, after 10 days of treatment, the level of serum testosterone in the letrozole-treated group was significantly higher than in the controls (P,0·00001). The study mice also showed a significant increase in serum GH compared with the controls (P,0·05), but there was no significant change in serum IGF-I levels. Figure 1 shows the immunostaining results in the excised tibial EGP. The aromatase was detected mostly in the hypertropic and prehypertropic cells, with only slight staining in the proliferative and resting zones. No staining was observed in the negative controls incubated with nonimmune rabbit serum (data not shown).
As seen in Fig. 1 , the treated group (B) had a 3·4-fold greater increase in the number of PCNA-positive cells in the EGP than controls (C) (119·12 81·17 vs 34·64 28·15 stained nuclei/mm 2 , P,0·02). Furthermore, only cells in the proliferative zone were positively stained with anti-PCNA antibodies.
Immunohistochemical localization of the IGF-I receptor in the EGP showed an increment in IGF-I receptor abundance in the prehypertropic and hypertropic zones of the chondrocytes in the EGP of the letrozole-treated mice. Ten days of treatment induced a twofold increase in the number of cells positive for IGF-I receptors per growth plate in the study group compared with controls (11·4 5·5 vs 5·6 2·6, P,0·05) (Fig. 1 D,E) .
After 10 days of treatment, the study group showed a 12% greater increase in EGP height than the controls (292·16 26·44 µm vs 260·83 13·56 µm, P,0·05) (Fig. 2 ) . The ratio of the proliferating to hypertropic cells was not significantly different between the control and the treated group. Letrozole did not affect the level of type II collagen, a major component of the cartilaginous matrix and one of the early parameters of proper chondrogenesis. The abundance of type II collagen was similar in the letrozoletreated and control groups (data not shown). By contrast, letrozole had a clear inhibitory effect on type X collagen abundance in the mature hypertropic chondrocytes (Fig. 3) .
Discussion
The GH-independent stimulatory effects of androgens on growth have been demonstrated in humans (Attie et al. 1990) and in animal models (Phillip et al. 1992) . In men, estrogen deficiency caused by a mutation either in the estrogen receptor gene (Smith et al. 1994) or in the P450 aromatase gene (Morishima et al. 1995 , Carani et al. 1997 led to impaired skeletal maturation, continued growth into adult life, and very tall stature. In women with aromatase deficiency, androgen levels were excessive, causing inappropriate virilization but failing to induce skeletal maturity. These findings indicate that androgen alone, even at supraphysiological levels, does not affect epiphyseal fusion. Rather, it is estrogen that, by enhancing osteogenesis at the expense of chondrogenesis, accelerates the epiphyseal fusion rate and terminates linear growth (Cutler 1997) . Furthermore, in a study in rabbits, Weise et al. (2001) suggested that epiphyseal fusion is triggered when the proliferative potential of growth plate chondrocytes is exhausted, and that estrogen accelerates the programmed senescence of the growth plate, thereby causing earlier epiphyseal fusion.
Endochondral bone formation in mice differs from that in humans, as their growth plates do not fuse completely during sexual maturation (Roach et al. 2003) . Therefore, it can be argued that estrogen receptors in mice, unlike those in humans, do not mediate growth plate fusion (Lubahn et al. 1993) . However, after sexual maturation, the height of the mouse growth plate diminishes considerably and the protein synthesis rate in the chondrocytes decreases, indicating that in mice also, sex steroids may play a crucial role in regulating cartilage growth (Vidal et al. 1999) .
Prompted by studies indicating a direct regulatory role of androgens and estrogens in the growth plate (Lubahn et al. 1993 , Kusek et al. 1998 , Kennedy et al. 1999 , Nilsson et al. 1999 , Braidman et al. 2001 , Van der Eerden et al. 2002a, Batra et al. 2003) , we investigated the effect of the highly selective nonsteroidal aromatase inhibitor, letrozole, on growth in peripubertal male mice. To prove that letrozole inhibits aromatase activity, we first examined its effect on granulosa cells from ovaries of female mice. Using the water assay technique (Reed & Ohno 1976 ), we noted a 96% inhibition of aromatase activity (data not shown).
The results of the present work show that aromatase is present in the EGP, mostly in the hypertropic and prehypertropic cells, and slightly in the proliferative and resting zones. The inhibition of aromatase activity by letrozole in vivo was followed by a significant increase in body weight and tail and tibial length, in addition to a significant increase in EGP height. Nevertheless, the ratio of proliferating to hypertropic cells was not significantly different between the control and treated group, indicating that the effect on the EGP was balanced. Together, these findings suggest that the aromatization of androgen into estrogen is involved in the regulation of cartilage growth in mice.
Our findings are different from earlier studies in both aromatase receptor knockout male mice (ArKO) (Murata et al. 2002) and estrogen receptor knockout male mice (ERKO, DERKO) (Vidal et al. 2000) , which reported a decrease in longitudinal and radial skeletal growth. This discrepancy may be explained by the fact that the depletion of estrogens in the ArKO male mice and the lack of estrogen receptors in the ERKO and DERKO male mice were inborn, whereas the male mice in our study were exposed to a short-term (10 days) lack of estrogens and increasing levels of androgens at the prepubertal stage only. Our results also disagree with those of Vanderschueren et al. (1996 Vanderschueren et al. ( , 1997 , who found that aromatase inhibition reduced body weight gain, and skeletal size and modeling. However, they used a different specific inhibitor (vorozole) and an oral route of administration. More importantly, their rats were either 60 days old (postpubertal) already at the beginning of the experiment and were killed after 18 weeks of treatment (adult), or 12 months old (mature adult) at the beginning of the experiment and treated for 4 months. By contrast, all our mice were 21 days old (peripubertal) and were killed after 10 days of treatment.
In an earlier study, our group found that the administration of testosterone to hypophysectomized/castrated rats increased the EGP height and the abundance of IGF-I receptors in the EGP, without affecting serum IGF-I levels (Phillip et al. 1992) . This finding was replicated in the present study and is in line with the lack of effect of the aromatase inhibitor letrozole on serum IGF-I levels. However, aromatase inhibition increased serum GH levels and the abundance of IGF-I receptor in the tibial EGP. As observed by Takigawa et al. (1997) , the expression of IGF-I receptor reflects the sensitivity of tissue cells to IGF-I activity. Therefore, the increment in IGF-I receptor indicates that the IGF system might be involved, at least partially, in mediating the effects of the aromatase inhibitor on the EGP. In the present study, the animals were intact, so the effect of letrozole on serum GH may be explained by the effect of gonadal steroids on the GH secretory pattern. It was previously reported that testosterone may act through an androgen receptor-dependent pathway or it may undergo aromatization to 17 -estradiol and then exert its action on the GH axis via estrogen receptors. In humans, androgens affect GH production mostly through aromatization to estrogens (Weissberger & Ho 1993) . In rodents, however, both aromatizable and nonaromatizable androgens affect GH release (Argente et al. 1990 , Gevers et al. 1998 ). Our findings demonstrate that in the presence of the aromatase inhibitor, testosterone increases serum GH levels in mice, apparently through activation of androgen receptors.
Normal skeletal growth depends on the coupling of proliferation, differentiation and maturation activities within the skeletal growth centers. In our study, letrozole significantly increased the proliferative activity of the EGP cells, as indicated by the increment in PCNA staining, and apparently decreased chondrocyte differentiation and maturation, as demonstrated by the decrement in the level of type X collagen, a highly specific marker of hypertropic chondrocyte terminal differentiation. However, chondrogenesis, as expressed by collagen type II levels, was not affected. These results suggest that estrogen is probably involved in the decreased proliferation and enhanced maturation activities of the EGP chondrocytes, which may affect the rate of longitudinal growth. Indeed, we recently found that estrogen accelerates osteogenesis and increases the apoptosis rate in male-derived skeletal growth centers (G Maor, unpublished data) .
In a previous study performed on an in vitro model of mandibular condyle, we showed that testosterone directly stimulates the expression of IGF-I receptor and its abundance in the chondrocytes of the bone growth centers. We also demonstrated that testosterone stimulates chondrocyte proliferation independently of the presence of GH (Maor et al. 1999) . It is therefore reasonable to assume that the effect of letrozole both on IGF-I receptor abundance and on chondrocyte proliferation is due to the effect of both systemic and local testosterone levels, while the effect of letrozole on the inhibition of differentiation is mediated through the reduction of estrogen levels.
In summary, the aromatase inhibitor, letrozole, increased the length of the tibia and tail and the height of the EGP in mice. In vivo, letrozole influences the balance between testosterone and estrogen and induces a combined effect. By inhibiting the conversion of testosterone to estrogen, it affects GH secretion. In addition, it acts directly on skeletal growth by affecting the local balance between testosterone and estrogen at the EGP. As postulated in a previous study, testosterone apparently has a GH-independent stimulatory effect on skeletal growth that is exerted directly on the EGP. This effect is probably mediated by increased responsiveness to endocrine and paracrine IGF-I, as reflected by the increase in IGF-I receptor levels in the EGP. In addition, by decreasing estrogen levels, letrozole attenuates the final differentiation of the hypertropic cells.
The extrapolation of our findings on letrozole-induced growth enhancement from mice to humans and the elucidation of the exact mechanism underlying the effect of the aromatase inhibitor on the EGP require further investigations. Our findings may have implications for the therapeutic delay of bone maturation in several growth disorders.
